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The feline leukemia virus subgroup C receptor (FLVCR) is a heme export protein that is required for proerythroblast survival and facilitates macrophage heme iron recycling. However, its mechanism of heme export and substrate specificity are uncharacterized. Using [ 55 Fe]heme and the fluorescent heme analog zinc mesoporphyrin, we investigated whether export by FLVCR depends on the availability and avidity of extracellular heme-binding proteins. Export was 100-fold more efficient when the medium contained hemopexin (K d < 1 pM) compared with albumin (K d ‫؍‬ 5 nM) at the same concentration and was not detectable when the medium lacked heme-binding proteins. Besides heme, FLVCR could export other cyclic planar porphyrins, such as protoporphyrin IX and coproporphyrin. However, FLVCR has a narrow substrate range because unconjugated bilirubin, the primary breakdown product of heme, was not transported. As neither protoporphyrin IX nor coproporphyrin export improved with extracellular hemopexin (versus albumin), our observations further suggest that hemopexin, an abundant protein with a serum concentration (6.7-25 M) equivalent to that of the iron transport protein transferrin (22-31 M), by accepting heme from FLVCR and targeting it to the liver, might regulate macrophage heme export and heme iron recycling in vivo. Final studies show that hemopexin directly interacts with FLVCR, which also helps explain why FLVCR, in contrast to some major facilitator superfamily members, does not function as a bidirectional gradient-dependent transporter. Together, these data argue that hemopexin has a role in assuring systemic iron balance during homeostasis in addition to its established role as a scavenger during internal bleeding or hemolysis.
The biological roles of heme are diverse and encompass most areas of cell metabolism and gene regulation. Heme serves as a prosthetic group in the hemeproteins, which are involved in crucial biological functions, including oxygen binding (hemoglobin and myoglobin), oxygen metabolism (oxidases, peroxidases, catalases, and hydroxylases), electron transfer (cytochromes) (4) , and signal transduction (nitric-oxide synthases) (5) . In addition, heme serves as a signaling molecule in erythropoiesis and other physiological systems. Because heme generally signals by binding and inactivating a transcriptional repressor (e.g. Bach1) or translational inhibitor (e.g. heme-regulated inhibitor and thus eIF␣2 kinase), its impact is immediate (6 -8) . Perhaps for this reason, heme is utilized in time-sensitive processes, such as the regulation of circadian rhythm (9) , N-end rule pathway/protein ubiquitination (10) , and globin synthesis. Heme is also required for microRNA processing (11) . However, excess free or non-protein-bound heme damages lipid, protein, and DNA through the generation of reactive oxygen species, resulting in cellular injury and death (12) . Therefore, free cellular heme levels must be tightly regulated to provide an adequate supply yet avoid heme toxicities (4, (13) (14) (15) .
Most studies of heme homeostasis focus on its biosynthesis and degradation. The rate of heme biosynthesis varies significantly among various cells and tissues and is especially high in hepatocytes and erythroid cells, where large amounts of heme are required for cytochrome P450 and hemoglobin, respectively (4). The addition of aminolevulinic acid (ALA) 3 bypasses the initial rate-limiting step in the heme synthesis pathway and allows the synthesis of intermediates up to and including protoporphyrin IX (PPIX). If sufficient iron is available, ferrochelatase inserts the iron into PPIX, completing heme synthesis. Heme is degraded by heme oxygenases to biliverdin, which is then converted to bilirubin by biliverdin reductase (16) . Excess heme further induces heme oxygenase-1 levels by increasing the transcription of heme oxygenase-1.
Recently, we demonstrated (1) that intracellular heme can also be exported by a cell-surface membrane protein termed FLVCR, initially identified as the feline leukemia virus sub-group C receptor (17, 18) . Inhibition of FLVCR function in the human erythroid cell line K562 decreases heme export, impairs erythroid maturation, and leads to apoptosis (1) . FLVCR-null mice lack definitive erythropoiesis, and mice with FLVCR that is deleted neonatally develop severe macrocytic anemia with proerythroblast maturation arrest (2) , arguing that erythroid precursors export excess heme to ensure survival. Interestingly, FLVCR-deleted mice develop iron overload in macrophages, liver, and duodenum. These data suggest that the iron homeostatic cycle includes heme export at these sites. This hypothesis is supported by direct observations that FLVCR-deficient macrophages accumulate more ferritin than wild-type macrophages when ingesting opsonized red cells (2) .
The goal of this study was to determine how FLVCR-mediated heme export occurs and whether FLVCR has limited substrate specificity or can also transport structurally and metabolically related compounds. We demonstrate that the substrate specificity of FLVCR export involves heme and proximal planar porphyrins, but not bilirubin; that the export of heme is preferentially facilitated by hemopexin; and that hemopexin binds to FLVCR at a site thought to be important for heme export. A physiological role for hemopexin in heme iron recycling may explain the very high serum concentrations of hemopexin, 0.55-1.25 mg/ml (9.2-20.8 M) in mice (19) and 0.4 -1.5 mg/ml (6.7-25 M) in humans (20) .
EXPERIMENTAL PROCEDURES
Cell Lines and Cell Culture-Normal rat kidney cells transduced with human FLVCR (NRK/FLVCR) or empty vector alone (NRK/Neo) (1) were cultured in high glucose DMEM (Invitrogen) with 10% FBS (HyClone, Logan, UT) and supplemented with nonessential amino acids, L-glutamine, sodium pyruvate, and penicillin/streptomycin/Fungizone (all from Invitrogen). Wild-type dynamin-GFP and dominant-negative K44A dynamin-GFP (21) were introduced by retroviral gene transfer into NRK/FLVCR and NRK/Neo cells. FLVCR-null and littermate control mouse embryonic fibroblasts (MEFs) isolated from day 12.5 embryos (2) were cultured in DMEM with 10% FBS as described above. The MTT assay (American Type Culture Collection, Manassas, VA) was performed as described previously (22) .
Preparation of Human Macrophages-Human peripheral blood was obtained from normal donors with an approved protocol from the University of Washington. Mononuclear cells were isolated from blood with lymphocyte separation medium (Mediatech, Inc., Herndon, VA) as described previously (23) . Monocytes/macrophages were subsequently isolated by plastic adherence for 18 h in Iscove's modified Dulbecco's medium (Invitrogen) supplemented with 20% FBS, 1% BSA, penicillin/ streptomycin/Fungizone, and 10 ng/ml macrophage colony-stimulating factor (PeproTech, Rocky Hill, NJ). Adherent cells were cultured for an additional 5 days to generate mature macrophages.
Isolation and Purification of Rabbit Hemopexin-Intact apohemopexin was isolated from rabbit serum as described previously (24) . This protein is free of contaminants, binds heme as characterized and quantitated following published procedures and extinction coefficients (25) , and is not toxic for cells (26) . (27) , by preloading for 30 min at 37°C using 5 M ZnMP (Frontier Scientific, Logan, UT) dissolved in cell culture-grade Me 2 SO at a concentration of 4 mM and then diluted to 5 M in working buffer (25 mM HEPES (pH 7.4), 130 mM NaCl, 10 mM KCl, 1 mM CaCl 2 , and 1 mM MgSO 4 ) containing 2.5 M BSA (Sigma). Next, the cells were washed three times and incubated in working buffer with either albumin or hemopexin at the desired concentrations for up to 90 min at 37°C. Export was determined by comparison of residual intracellular fluorescence on microscopic images using a Nikon upright Eclipse E600 microscope and Texas Red filter with excitation at 540 -580 nm and emission at 600 -680 nm.
For quantitative studies, ZnMP export was also performed using flow cytometry. NRK/FLVCR and NRK/Neo cell lines were trypsinized, washed, and resuspended in working buffer contain 2.5 M BSA. The cells were then processed as described above. Export was quantitated by comparing residual intracellular fluorescence at channel FL2 using a BD FACScan instrument (BD Biosciences).
For [ 55 Fe]heme uptake and export studies, cells were seeded in 12-well dishes and allowed to attach overnight in culture medium. They were incubated in working buffer with 5 M ZnMP (included only for export studies) and 2.5 M BSA for 15 min, and [
55 Fe]hemin (RI Consultants LLC, Hudson, NH) was added to a final concentration of 0.9 M for an additional 30 min. The cells were washed three times and then harvested as described below for uptake studies or incubated with either albumin or hemopexin at the desired concentrations for 90 min at 37°C for export studies. To measure cellular radioactivity, the cells were rinsed twice with working buffer, detached from the plates by a 15-min incubation with 0.1 N NaOH, mixed with liquid scintillation mixture (MP Biomedicals, Solon, OH), and placed in an LF 5000 CE liquid scintillation counter (Beckman Coulter, Brea, CA). Radioactive counts (cpm) were normalized by total cell protein content and are presented as the mean Ϯ S.D. of three replicate samples. To combine multiple experiments for statistical analysis, NRK/Neo control cells were considered to have 100% uptake, and all other samples within each experiment were normalized to the NRK/Neo data.
Preparation of FLVCR Peptide-GST Fusion Proteins-Two FLVCR peptide-GST fusion proteins were generated as immunogens in an attempt to elicit anti-FLVCR antibody. The first fusion peptide contained amino acids 132-201 (and thus His 580 nM) were coated onto 96-well Pro-Bind TM microplates (Becton Dickinson Labware, Franklin Lakes, NJ) at 100 l/well at 4°C overnight. After incubation with 1% BSA in PBS for 2 h, hemopexin (290 nM) was added and allowed to bind to the FLVCR peptide-GST fusion (or control) protein for 2 h. Next, rabbit anti-hemopexin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 1 g/ml and horseradish peroxidase-labeled goat anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) at 0.5 g/ml were added sequentially. The microplate was washed with PBS three times for 5 min after each incubation with hemopexin and antibodies. The colordeveloping reaction was carried out by incubation with 3,3Ј,5,5Ј-tetramethylbenzidine chromogenic solution (Sigma) for 10 min and stopped by the addition of 2 M H 2 SO 4 according to the manufacturer's instructions. The known concentration of hemopexin in a 1:2 dilution series (36.25-290 nM) was used to standardize the assay results. For the competitive binding study, the FLVCR peptide-GST fusion protein was incubated for 1 h at room temperature with or without heme at a 1:1 molar ratio before coating onto the microplate. Competitive binding studies were also performed by adding the FLVCR peptide-GST fusion protein at a 1:1 molar ratio to hemopexin prior to its binding to the FLVCR peptide-GST fusion protein-coated microplate.
Unconjugated Bilirubin (UCB) Uptake and Export Studies-NRK/FLVCR and NRK/Neo cells were cultured in 12-well dishes as described above and incubated in working buffer containing 10 M BSA and 10 M highly purified [ 3 H]UCB (specific activity of 10.8 mCi/mmol) biosynthetically labeled in dogs (28, 29) , corresponding to a free bilirubin concentration of 100 nM (30) . After 1, 10, and 30 min, the cells were washed three times with working buffer, and bilirubin uptake was then determined from cell-associated radioactivity. Bilirubin export was studied using cells preloaded for 30 min as described above, washed three times with working buffer, and incubated for 0, 30, or 90 min in working buffer containing 151.5 M (1%) BSA. Exported [ 3 H]UCB was washed off with working buffer, and retained [ 3 H]UCB was quantitated and normalized to total cell protein content.
Induction of PPIX Synthesis by Treatment with ALA-NRK cells in cell culture complete medium were supplemented with 1 mM ALA for up to 24 h to induce the synthesis of PPIX. At time points of 12 and 24 h, respectively, cell culture supernatants were collected, and cell pellets were harvested and briefly rinsed with PBS. Both supernatants and cell pellets were stored at Ϫ80°C until ready for process of analysis.
Measurement of Heme and Porphyrin Content for Export Studies-The extraction of heme and porphyrins was adapted from previously described methods (31) . Cell culture media (10-ml fractions) were extracted in parallel three times with 10 ml of ethyl acetate/acetic acid (2:1, v/v) and then washed twice with 0.5 volume of saturated sodium acetate. The sodium acetate washings were also extracted with fresh ethyl acetate and combined with the original extract, which was then washed once with 0.1 volume of 3% (w/v) sodium acetate and dried down with argon. Samples were dissolved in buffer, and the heme and porphyrins were separated by HPLC as described (32) . Standards of heme, porphyrins, and ZnMP (all from Frontier Scientific) were used for peak identification and quantification. The flow cytometric analysis of protoporphyrin export by NRK/FLVCR and NRK/Neo cells was performed using methods similar to those described for the ZnMP export study described above except that PPIX (Frontier Scientific) was substituted for ZnMP, and residual intracellular fluorescence was analyzed at channel FL3.
RESULTS

Heme Export Depends on the Avidity and Concentration of
Extracellular Heme-binding Proteins-To understand the mechanism of heme export by FLVCR, we first studied the export of ZnMP, a fluorescent heme analog. ZnMP traffics similarly to heme and also inhibits heme degradation by competitively blocking heme oxygenase activity (27) . Fig. 1 shows the effects of various concentrations of two heme-binding proteins, BSA (albumin) and hemopexin, on the export of ZnMP from preloaded NRK/FLVCR or NRK/Neo cells. In the absence of BSA, no detectable export occurred. However, ZnMP export was nearly complete in the presence of 151.5 M (1%) BSA, less extensive with 15.15 M BSA, and almost nil with 1.515 M BSA. Interestingly, residual cellular fluorescence in the presence of 1.515 M hemopexin was similar to that with 151.5 M BSA, so hemopexin appears to be 100-fold more efficacious than BSA in inducing ZnMP export. When quantitated with flow cytometry, 55.9 Ϯ 3.6% and 45.9 Ϯ 3.8% of ZnMP was retained intracellularly when the export studies were performed in the presence of 151.5 M BSA and 1.515 M hemopexin, respectively. NRK/Neo cells failed to export ZnMP (data not shown) in all circumstances; this is consistent with our prior data (1) and documents the requirement for FLVCR for heme export in these cells.
In additional similar studies, the export of [ 55 Fe]heme by human peripheral macrophages was quantified. As shown in Fig. 2 , only 6% of the [
55 Fe]heme load was exported in the pres- ence of 1.515 M albumin, whereas 52% was exported in the presence of 1.515 M hemopexin in the same time period. When the albumin concentration in the medium was increased by 100-fold to 151.5 M, 67% of the [ 55 Fe]heme was exported. These studies confirm that heme export is ϳ100 times more efficient in the presence of hemopexin than albumin on a molar basis. An equally important observation of Fig. 2 is that export is completely dependent on the extracellular presence of a hemebinding protein.
FLVCR Is Not a Bidirectional Heme Transporter-Heme uptake in NRK cells was not increased when the cells expressed FLVCR (100% in NRK/Neo cells versus 101.6 Ϯ 6.2% in NRK/ FLVCR cells; p ϭ 0.6; n ϭ 6). In additional studies, we used dominant-negative K44A dynamin (33) to block endocytosismediated heme uptake. Heme uptake decreased by 15-30%. yet the heme uptake by NRK/Neo/K44A dynamin and NRK/ FLVCR/K44A dynamin cells remained comparable (74.8 Ϯ 4.0% versus 72.9 Ϯ 9.9% of NRK/Neo/dynamin uptake, respectively; p Ͼ 0.3; n ϭ 3).
FLVCR Can Export Endogenously Synthesized Heme-To determine whether cells can export endogenously synthesized heme via FLVCR and not only heme supplied exogenously, we performed studies in NRK/FLVCR and NRK/Neo cells (Fig. 3) . Using HPLC, 68.4 pmol of heme was detected in a 10-ml sample of the cell culture supernatant from 8 ϫ 10 6 NRK/FLVCR cells in this representative study (n ϭ 4). However, heme was not detectable in the cell culture supernatant from NRK/Neo cells. Conversely, heme contents were higher in the cell pellet from NRK/Neo cells (259.4 pmol/sample) than in that from NRK/ FLVCR cells (104.8 pmol/sample). PPIX was not detected in the 10-ml sample of the cell culture supernatant from either NRK/ Neo or NRK/FLVCR cells and was barely detected in the cell pellet at 1.0 and 0.5 pmol/sample from 8 ϫ 10 6 NRK/Neo and NRK/FLVCR cells, respectively, implying that iron is not limiting and that heme is the primary substrate for FLVCR export under basal conditions.
FLVCR Can Also Export Non-metallo-planar PorphyrinsSimilar studies were done to determine whether coproporphyrin and PPIX, which are both intermediate products in the heme biosynthetic pathway (34), can be exported via FLVCR should their intracellular concentrations be sufficiently high. When cells were supplemented with ALA to bypass the ratelimiting step in heme biosynthesis, PPIX steadily accumulated in the cells, but more extensively in NRK/Neo cells than in NRK/FLVCR cells (nearly 50% more at 24 h) (Fig. 4A) . To determine whether this lower net accumulation reflected lower synthesis or greater export of PPIX by the NRK/FLVCR cells, PPIX content in the medium was measured at the same time points. After 24 h, the total PPIX content (cells ϩ medium) was similar for both cell types (217 versus 220 pmol), but of this, 53.9 Ϯ 2.8% of total PPIX was present in the culture medium of NRK/ FLVCR cells versus 35.4 Ϯ 2.7% in the culture medium of NRK/ Neo cells (Fig. 4B) . Thus, the lower accumulation of PPIX in the NRK/FLVCR cells was due to enhanced export provided by FLVCR transgene expression in these cells.
Quantification of coproporphyrin export yielded similar results. In cultures of both NRK cell lines, coproporphyrin was not detectable in either the culture medium or cell pellet under base-line conditions but was detected after ALA supplementation (n ϭ 3; representative result) (Fig. 5) . NRK/FLVCR cells accumulated less coproporphyrin in the cell pellet (Fig. 5A ) and exported more into the culture supernatant (Fig. 5B) than NRK/Neo control cells. After 24 h, the total coproporphyrin contents of the two cell lines were similar, but more was exported by cells expressing FLVCR (89.4% compared with 55.4% by NRK/Neo cells).
These data suggest that FLVCR can export PPIX and coproporphyrin but predict that other transporters, presumably ABCG2 (35), can do so also. The extracellular presence of hemopexin, which binds these porphyrins with relatively low affinity (K d ϳ 1 M) (36, 37), did not improve the export efficiency compared with albumin (data not shown), which binds these porphyrins with similarly low affinity (K d ϳ 1 M) (37) .
FLVCR Does Not Export UCB-Heme metabolism by heme oxygenase-1 leads to the production of biliverdin, free ferrous iron, and carbon monoxide. Biliverdin is further reduced into UCB (reviewed in Ref. 16 ). In most neonates, immaturity of the conjugation and biliary secretion of bilirubin leads to retention of UCB, which, if severe, results in neurotoxicity from accumulation of UCB in the central nervous system (38) . The impaired hepatic elimination is partially compensated by enhanced excretion of UCB across the intestinal wall (38) , which might theoretically be mediated by FLVCR, prompting these studies. As shown in Fig. 6 , both NRK/Neo and NRK/FLVCR cells exhibited similar rates of uptake and rapidly exported UCB, implying that export occurs via a mechanism distinct from FLVCR (39) . Because UCB is toxic to cells that lack the ability to export it (22), we used an indirect approach as a secondary method to determine whether FLVCR is capable of exporting bilirubin from cells. We compared the toxicity of UCB in FLVCR-containing versus FLVCR-null MEFs. As assessed by MTT activity (a test of mitochondrial function), there was no significant difference in sensitivity to UCB toxicity between MEFs that contain or lack FLVCR (Fig. 6C) . Together, these data indicate that FLVCR does not export bilirubin.
Hemopexin Binds to FLVCR to Facilitate Heme Export-To examine whether hemopexin directly interacts with FLVCR, we performed a competitive binding ELISA (Fig. 7) using a FLVCR peptide (amino acids 132-201)-GST fusion protein previously shown to bind heme (see "Experimental Procedures"). When the FLVCR peptide-GST fusion protein was coated onto 96-well microplates at 2.5, 5, 10, and 20 g/well, the amount of hemopexin that bound was 865 Ϯ 118, 1210 Ϯ 63, 1515 Ϯ 27, and 2740 Ϯ 301 ng, respectively. However, when the FLVCR peptide-GST fusion protein was preincubated with heme prior to coating the microplates, the amount of hemopexin that bound was reduced to 420 Ϯ 217, 550 Ϯ 158, 720 Ϯ 83, and 1600 Ϯ 129 ng, respectively (Fig. 7A) . Together, these data suggest that apohemopexin attaches to FLVCR, binds heme, and then leaves, so less residual bound hemopexin is detected in the ELISA. To confirm this, several additional studies were performed. First, we showed that the preincubation of hemopexin with heme decreased its ability to bind to the FLVCR peptide-GST fusion protein (Fig. 7B) , implying that apohemopexin preferentially binds FLVCR. Second, we confirmed that the binding of hemopexin to the FLVCR peptide-GST fusion protein was a property of the FLVCR peptide and not GST, as hemopexin did not bind to GST alone as the control in our studies (data not shown). Third, we observed that exogenous FLVCR peptide-GST fusion protein could facilitate the export of heme (ZnMP) by FLVCR but only when its binding sites for heme were open and not when they were saturated. By flow cytometry, 54.1% of the preloaded ZnMP was exported in the presence of 15.15 M hemopexin. When both the FLVCR peptide-GST fusion protein and hemopexin were present extracellularly, 60.1% of the preloaded ZnMP was exported (p Ͻ 0.05). However, when the FLVCR peptide-GST fusion protein was preincubated with heme (and excess heme was removed by dialysis), the export of ZnMP was not improved (52.7%; data representative of three experiments), data that also confirm binding specificity. 
DISCUSSION
Here, we have demonstrated that the export of heme via FLVCR is tightly regulated by the presence and avidity of the extracellular heme-binding proteins hemopexin and albumin. Export via FLVCR is most efficient in the presence of 1.515 M hemopexin. A comparable efficiency of export requires a 100-fold higher concentration of BSA, which reflects the much higher affinity of hemopexin for heme (K d Ͻ 1 pM) compared with albumin (K d ϭ 5 nM) (40, 41) . Because hemopexin is present at a concentration in human serum (6.7-25 M) similar to transferrin (22-31 M), the protein responsible for elemental iron transport (42), we suspect that it functions physiologically to facilitate the recycling and trafficking of heme iron, in addition to its role as a scavenger protein.
We would anticipate that albumin, the most abundant serum protein (522-776 M, 21-122-fold more prevalent than hemopexin), could substitute for hemopexin under steadystate conditions, despite its much lower affinity for heme. This would explain the mild base-line phenotype of hemopexin-null mice. Although there is no obvious tissue lesion caused by oxidative damage or abnormal iron deposition in hemopexin-null mice, these animals have severe renal damage and defective recovery after acute hemolysis (43) and increased iron deposition and oxidative stress markers in brain (44) .
There are two physiological reasons that cells might export heme via FLVCR: 1) to avoid cellular toxicity when heme synthesis exceeds use (as hemoproteins) and metabolism (via heme oxygenase-1) and 2) to facilitate systemic iron homeostasis. Although these roles have been best characterized in erythroid marrow (2) and macrophages (Ref. 2 and this report), respectively, it appears that FLVCR has importance for other tissues where it is highly expressed, such as liver, duodenum, kidney, placenta, and brain (2) . Because FLVCR-deleted mice develop iron overload in liver and duodenum, as well as tissue macrophages, by 12 weeks (2) and accumulate iron in renal tubular cells by 9 months, 5 heme trafficking via FLVCR at these sites likely contributes to iron homeostasis (3) . Heme export via FLVCR may also provide protection from heme or ferrous iron toxicities in liver and brain, as our observations support emerging hypotheses concerning hepatic (45) and neuronal (46, 47) injury.
Hemopexin is a plasma glycoprotein produced primarily by liver parenchymal cells (48) . However, it is also expressed in human neurons (49) and several types of mouse brain cells (26, 44, 48) , implying that this protein is synthesized locally in brain. Interestingly, hemopexin protects the brain of adult mice against ischemic stroke-related damage in murine models (26) . In addition to hemopexin, FLVCR is also present in developing mouse neural tissues and human brain tissues and cell lines (1, 2), thus providing a mechanism to remove excess heme iron from this protected site and prevent damaging iron deposits.
Heme-mediated cellular toxicity can also be caused by oxidized products of heme and heme precursors such as porphyrins (50) . The ATP-binding cassette transporter ABCG2 is widely expressed in a variety of drug-resistant cancer cells and in numerous normal tissues and stem cells (51) and is a promiscuous transporter of many substrates, including drugs. ABCG2 was also identified as the major exporter for porphyrins, as PPIX accumulates in tissues of ABCG2-deleted mice (35) . It was shown that ABCG2 also specifically interacts with heme, as it was isolated by binding hemin-agarose in a dose-dependent manner (52) . Although heme appears to be the prime substrate for FLVCR (Fig. 3) , our study reveals that FLVCR can export endogenously synthesized PPIX and coproporphyrin, induced by treatment with ALA alone or with iron. The fact that PPIX was present in the supernatant of NRK/Neo cells, although at a lower level than in NRK/FLVCR cells, indicates that another porphyrin exporter, probably ABCG2, is functioning in NRK cells to maintain homeostasis of intracellular porphyrins.
Our data show that UCB, the critical end product of heme catabolism, is not exported by FLVCR, despite its dicarboxylic tetrapyrrole structure. Unlike PPIX, coproporphyrin, and heme, which have been shown here to be substrates for FLVCR, the actual structure of UCB resembles a ridge tile or folded book, with extensive internal hydrogen bonding between each -COOH side chain and the lactam group of the opposite dipyrrinone half of the molecule (38) . Apparently, the uniplanar configuration of heme and the porphyrins and/or the freedom of their carboxyl groups is an essential feature for transport of a tetrapyrrole by FLVCR, but this requires further study. FLVCR has not yet been crystallized. However, the threedimensional structures of three related major facilitator superfamily (MFS) transporters (oxalate transporter, lactose permease (LacY), and glycerol 3-phosphate transporter) have been established (53) (54) (55) and are remarkably similar (56) , despite divergent transport function and only 21% sequence similarity. Also, modeling other distantly related MFS members (e.g. TetAB and vesicular monoamine transporter) on this MFS structure predicts tertiary configurations consistent with their known biochemical and structural properties (56) . When we model FLVCR on this structure, regions ECL1 and ECL6 of the FLVC-binding site (57) are adjacent to each other, despite being separated by ϳ330 amino acids in the sequence (data not shown), implying that the model can provide functional information about FLVCR.
To transport substrates, MFS transporters generally use an open-in then open-out mechanism termed a rocker-switch mechanism (55) . Based on the functional data for LacY, which are most complete (58 -60) , the cytoplasmic substrate enters the transporter channel, and the channel then closes to the inside and opens to the outside, permitting the passage of substrate and thus export. Conceptually, a heme-binding protein like hemopexin or albumin might rapidly remove heme from the channel at the cell surface, allowing FLVCR to change conformation, reopen in, and accept a second heme molecule for export. Thus, the concentration and type of heme-binding protein that is present outside the cell regulate the export efficiency.
Across all mammalian species, there are two invariant histidine residues in FLVCR at positions 145 and 198, located adjacent to the outside opening of the exporting channel. These two histidine residues are not conserved in related paralogs that do not transport heme. It is possible that these two histidine residues each form a salt bridge with the -COO-groups of heme, which, in coordination with other functional domains either within FLVCR itself or on an adjacent membrane protein, serve as a transient binding site for heme, facilitating its transfer to hemopexin. When occupied, FLVCR may be maintained in an open-out configuration. Our data showing that heme (see "Experimental Procedures") and hemopexin bind to a FLVCR peptide (amino acids 132-301) that contains these residues, as well as the results of our competitive binding and ZnMP export studies, support this concept and the rocker-switch mechanism of export. Of note, the internal H-bonding of the -COOH groups of UCB may render them unavailable to form salt bridges with the histidines in FLVCR and may contribute to the inability of FLVCR to transport bilirubin.
As an additional approach to link FLVCR structure with its heme export function, we surveyed the structures of prokaryotic heme transporters. Recently, it was reported that CcsBA, an integral membrane protein of Helicobacter hepaticus, is involved in heme transport for cytochrome c biogenesis (61) . CcsBA has a highly conserved tryptophanrich WWD domain that orients the heme to be translocated in concert with histidine residues. Although FLVCR does not have a WWD domain, it does have amino acid sequence WLLD in intracellular loop 1 surrounding the transport channel (17, 18) . We propose that this similar sequence, or other unidentified functional domains in FLVCR, can serve as a docking site or orient heme entering the transport channel. These structural findings and the presence of hemopexin outside (but not inside) of cells may explain why FLVCR exports (but does not import) heme (1), whereas many MFS family members mediate bidirectional concentration-dependent transport and support its physiological role.
This study and our previous observations suggest that heme export by FLVCR is a mechanism for heme iron trafficking to prevent cellular heme and iron toxicity and to maintain heme and iron homeostasis. Hemopexin as an available and effective heme-binding protein facilitates this function by targeting heme to liver (3). It seems possible that hemopexin or other heme-binding molecules might facilitate removal of excess heme iron from tissues, ameliorate the anemia of chronic inflammation (which results from impaired export of elemental iron via ferroportin (62, 63) ) or the systemic iron overload of hemochromatosis or other disorders, and provide a therapeutic benefit.
